Introduction {#s1}
============

Small fiber neuropathy is a condition which leads to impaired functional integrity of unmyelinated autonomic or somatic small nerve fibers. This condition affects approximately 53 per 100.000 people and the most common etiologies are diabetes, neurodegenerative diseases, and complex regional pain syndrome due to trauma and paraneoplastic syndromes ([@B1]). Autonomic small fiber neuropathy has been associated with increased morbidity and mortality in patients with diabetes or cardiovascular disease ([@B1]--[@B3]). Only a few diagnostic techniques are available to assess peripheral small fiber neuropathy. The most commonly used technique in terms of quantitative and qualitative analyses is the skin biopsy, including different immunohistochemical staining methods which are either not fiber specific or allow specific analysis of cholinergic or adrenergic nerve fibers. Assessment of functional integrity of these nerve fibers can be performed using Laser doppler flowmetry (LDF), two-dimensional Laser doppler imaging (LDI) as well as axon-reflex based tests of sudomotor and pilomotor function such as the quantitative sudomotor axon reflex test (QSART) and the quantitative pilomotor axon reflex test (QPART) ([@B4]--[@B8]). Modern treatments are chiefly directed to the pathophysiological mechanisms causing selective damage to small nerve fibers. When causative therapy is not available personalized symptomatic treatment regimens can substantially improve quality of life. To optimize treatment and identify new therapeutic targets, it is essential to acknowledge the architecture and physiology of the peripheral small nerve fibers. An easily accessible model of peripheral small nerve fibers is the study of the cutaneous nervous system, which is also impaired by small fiber neuropathies and due to its involvement in some neurodegenerative disorders has been referred to a "window into brain pathology" ([@B9]).

The cutaneous innervation consists of both autonomic (predominantly sympathetic but in face also parasympathetic) and sensory nerve fibers ([@B10], [@B11]). These nerve fibers derive from perikarya located in the dorsal root and sympathetic ganglia. The outcoming nerve fibers can be subclassified due to their different conduction velocity, properties of perception and signaling and affiliation into "afferent-sensory" or/and "efferent-autonomic" as well as into Aβ, Aδ, and C-fibers. The cutaneous nervous system is excitable to different stimuli including exogenous as well as endogenous stimuli. Exogenous stimuli comprise mechanical forces, chemicals, ultraviolet light rays, electrical & thermal stimuli ([@B12]). Endogenous stimuli are more complex, and it has to be distinguished between physiological and pathophysiological stimuli, which derive from cells of the neuro-immuno-endocrine system found in the skin ([@B13]). This review focusses on autonomic C and Aδ-fibers, as they are selectively targeted by various neuropathies and play a crucial regulatory role in physiological functions of the skin, such as thermoregulation, wound healing, and hydration. We aimed to provide an update on the architecture and diagnostic assessments of the autonomic cutaneous nervous system.

Search Strategy {#s2}
===============

A narrative review of the current literature on the architecture of the autonomic cutaneous nervous system was undertaken. Literature search was performed by using Medline and the Cochrane Library (Cochrane Database of Systematic Reviews, Cochrane Central Register of Controlled Trials (CENTRAL) and Cochrane Methodology Register. Additionally, the reference lists of the selected studies were also screened. No restrictions on language or date were applied during the literature research. Literature search was performed between 01/09/2018 and 23/06/2019 The search strategy included the search term "small fibers" in combination with each of the following terms;"skin," "autonomic" "sympathetic," "parasympathetic," "anatomy," "myelinated," "unmyelinated," "C-fibers," "A-delta fibers", "cutaneous," "pilomotor," "sudomotor," "vasomotor" using the Boolean operators "AND" as well as "OR" and their combinations.

Functional Classification of Cutaneous Nerve Fibers {#s3}
===================================================

Axons of the peripheral nervous system can be subdivided based on their specific action potential conduction velocities (CV) into nerve fibers of the class A, B, and C, whereas A fibers exhibit the fastest conduction velocity and C-fibers the slowest. They also show different specifications, functions and distributions in the human body ([@B11]). Sensory class A fibers arise from pseudounipolar sensory neurons of the dorsal root ganglia, which pass on their sensory input to neurons in the dorsal horn of the spinal cord. They mix immediately after exiting the ganglia with the nerve bundles of motor neurons from the anterior horn of the spinal cord to supply sensory and motor innervation to the periphery of the body ([@B12], [@B14]--[@B17]). Type β and δ belong to the nerve fibers giving sensory innervation for the skin. Type β fibers are thick, highly myelinated, rapid conducting fibers with mechanoreceptive properties ([@B12], [@B15]--[@B18]). Type Aδ fibers are thinly myelinated nerve fibers with narrower diameter and slower conduction velocity. Type Aδ fibers allow sensory input for mechanical and heat nociception and non-noxious cold thermal stimuli ([@B12], [@B14], [@B16], [@B18], [@B19]).

Class B and efferent C-fibers are nerve fibers of the sympathetic nervous system, which is a part of the autonomic nervous system. The sympathetic nervous system supplies the body with efferent innervation, which adjusts the body\'s organ function to its environment, for example in the skin by regulating the body temperature via eccrine sweat gland stimulation (sudomotor), vasoconstriction (vasomotor) or arrector pili stimulation (pilomotor). The sympathetic fiber origin is the lateral gray horn of the spinal cord\'s segments C/8Th1 -- L3. General visceral efferent preganglionic neurons send out thinly myelinated white rami communicantes made of class B-preganglionic-fibers. These class B-fibers provide cholinergic innervation to the postganglionic neurons in the paravertebral ganglions that possess nicotinic acetylcholine receptors for stimulation ([@B8]). Long postganglionic class C-fibers exit via gray rami communicantes to join major peripheral nerves to provide vasoconstrictive adrenergic innervation to blood vessels and the arrector pili muscles but paradoxically also cholinergic innervation for the stimulation of eccrine sweat glands and vasodilation of blood vessels ([@B7], [@B8], [@B20]--[@B25]). Besides the sympathetic C-fibers, studies have shown that other Class C-fibers derive from sensory neurons of the dorsal root ganglia to provide sensory innervation to the skin. These sensory C-fibers, alike A-fibers, can be classified into C-HTMR and C-LTMR fibers ([@B12], [@B16], [@B17]). Both exhibit different properties and react to different stimuli. Studies have shown that C-HTMR fibers allow the perception of noxious mechanical and thermal, non-noxious warm/cold thermal stimuli and chemical stimuli ([@B19], [@B26]--[@B29]). Recent analyses have shown that C-LTMR (C-tactile)-fibers percept pleasant mechanical stimuli in glabrous and hairy skin ([@B30], [@B31]). It has also been shown that C-tactile-fibers possess the ability to modulate pain perception ([@B32]). Type Aδ and C fibers are referred to as polymodal because of their ability to sense various different stimuli. All class C-fibers are unmyelinated axons in groups (Remak bundles) of 2--8, wrapped by the cytoplasm of a centrally located single Schwann cell. Because of the missing myelination and narrow axon diameter, the C-fibers\' conduction velocity is the lowest among all fiber classes (\<2 m/s) ([@B12], [@B17], [@B18], [@B26], [@B33], [@B34]). The diameter of a C-fiber can reach from 0.2 to 1.4 μm whereas axons in the epidermal layer (0.5--1.4 μm) have a larger diameter than axons in the dermal layer (0.2--0.6 μm) ([@B35]). [Table 1](#T1){ref-type="table"} compares the most important anatomical and (electro)-physiological features of the different cutaneous nerve fibers.

###### 

Comparison of fiber characteristics.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Class**   **Type**                  **Myelination**   **Diameter μm**   **CV $\frac{\mathbf{\text{m}}}{\mathbf{\text{s}}}$**   **$\frac{\mathbf{F}}{\mathbf{A}}$ or $\frac{\mathbf{F}}{\mathbf{mm}}$**                                          **Skin type**      **Location**                           **Associated organ**                                               **Stimuli**                                            **References**
  ----------- ------------------------- ----------------- ----------------- ------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------- ------------------ -------------------------------------- ------------------------------------------------------------------ ------------------------------------------------------ --------------------------------------------------
  A-β         SAI-LTMR                  Thick             6--12 μm          35--75 $\frac{m}{s}$                                   $\frac{100\ F}{cm^{2}}$                                                                                          Hairy & glabrous   Stratum basale epidermis, guard hair   Merkels disc, guard hair                                           Mechanical fine touch                                  ([@B12], [@B15]--[@B18], [@B36], [@B37])

              SAII-LTMR                 Thick                                                                                      $\frac{10\ F}{cm^{2}}$                                                                                           Glabrous           Dermis                                 Ruffini corpuscle                                                  Mechanical stretch                                     

              RAI-LTMR                  Thick                                                                                      $\frac{159\ F}{cm^{2}}$                                                                                          Glabrous           Dermal papillae                        Meissner corpuscle                                                 Mechanical deformation                                 

              RAII-LTMR                 Thick                                                                                      $\frac{20\ F}{cm^{2}}$                                                                                           Glabrous           Deep dermis                            Pacinian corpuscle                                                 Mechanical vibration                                   

  A-δ         HTMR                      Thin              1--5 μm           5--30 $\frac{m}{s}$                                    $\frac{7,2 - 10,9\ F}{mm}$                                                                                       Hairy, glabrous    Epidermis\>dermis                      Free nerve endings                                                 Noxious heat & mechanical                              ([@B12], [@B14], [@B16]--[@B18], [@B36], [@B37])

              LTMR                      Thin                                                                                       male: $\frac{7,2 - 10,9F}{mm}$\                                                                                  Hairy              Dermis, epidermis                      Free nerve endings, zigzag + auchene hair                          Mechanical, non-noxious cold                           
                                                                                                                                   female: $\frac{6,7 - 13,5F}{mm}$                                                                                                                                                                                                                                                                     

  B                                     Thin              3 μm              3--15 $\frac{m}{s}$                                    \-                                                                                                               \-                 White rami communicantes               Paravertebral ganglion                                                                                                    

  C           C-sympathetic efferent    Unmyelinated      0.2--1.4 μm       \<2 $\frac{m}{s}$                                      PNF leg + thigh, VIP, DβH mean (SD): 52.3--63.7 (12.4--18.2) $\frac{F}{mm}\ $ SNF: 40.8--51.3(11.8--13.2%) PID   Hairy, glabrous    Dermis                                 Eccrine sweat glands, vessels, arrector pili, free nerve endings   Cholinergic agents, catecholamines                     ([@B8], [@B36]--[@B42])

              HTMR afferent             Unmyelinated                                                                               male: $\frac{7,2 - 10,9F}{mm}$\                                                                                  Hairy, glabrous    Epidermis\>dermis                      Free nerve endings                                                 Noxious -heat, cold, mechanical                        ([@B12], [@B16]--[@B18], [@B30], [@B36], [@B37])
                                                                                                                                   female: $\frac{6,7 - 13,5\ F}{mm}\ $                                                                                                                                                                                                                                                                 

              LTMR/C-tactile afferent   Unmyelinated                                                                               male: $\frac{7,2 - 10,9F}{mm}$\                                                                                  Hairy, glabrous    Epidermis\>dermis                      Free nerve endings, zigzag & auchene hair                          Pleasant mechanical, non-noxious heat, rapid cooling   
                                                                                                                                   female: $\frac{7,2 - 10,9\ F}{mm}\ $                                                                                                                                                                                                                                                                 
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

*Table summarizing physiological and anatomical characteristics of different types of nerve fibers. SA, Slow Adapting; RA, Rapid Adapting; LTMR, Low Threshold Mechanoreceptors; HTMR, High Threshold Mechanoreceptors; CV, Conduction Velocity; F, Fiber; A, Area; PNF, Pilomotor Nerve Fiber; VIP, Vasoactive Intestinal Peptide; DβH, Dopamine beta Hydroxylase; SNF, Sudomotor Nerve Fiber; PID, Percent Intercept Density*.

General Anatomy of Cutaneous Autonomic Nerve Fibers and Associated Organs {#s4}
=========================================================================

The skin is composed superficially of the epidermis which is an epithelial layer. More profound lies the dermis which is a connective tissue layer. The junction between dermis and epidermis is folded due to dermal papillae invaginating into epidermal ridges. Beneath the dermis lies the hypodermis which is subcutaneous tissue composed mainly of fat cells. The dermis can be subdivided into the outermost papillary layer and deeper reticular layer. This division is supported by the anatomical arrangement of two major arteriovenous plexuses. At the interface between hypodermis and dermis lies the subdermal plexus which is connected through arteriovenous shunts to the subpapillary plexus between reticular and papillary dermis. The subpapillary plexus sends branches to the dermal papillae. The thermoregulatory control of these Vessels relies on input of the accompanying postganglionic unmyelinated C-fibers of the autonomic sympathetic nervous system. Epidermal derivatives located in the dermis like hair follicles and their associated arrector Pili smooth muscles as well as eccrine sweat glands are also effector organs of postganglionic sympathetic C-fibers. Polymodal sensory afferents in the dermis include unmyelinated C-fibers and thinly myelinated Aδ fibers which are nociceptors, mechanoceptors, and thermoceptors. These fibers supply hair follicles and epidermis through myelin free nerve endings but also send collaterals to other organs like blood vessels to generate sympathetic mediated axon reflexes. Epidermal/dermal free nerve endings are also called intraepidermal/dermal nerve fibers. The densities of these epidermal/dermal nerve fibers are a major diagnostical target for small fiber neuropathy ([Figure 1](#F1){ref-type="fig"}).

![A simplified illustration of the general anatomy of the skin with the focus on autonomic nerve fibers and their innervated organs. Sweat glands, blood vessels and the arrector pili muscle are innervated by sympathetic C-fibers in the dermis. Afferent intraepidermal nerve fibers of the class C and Aδ are found in the epidermis as free nerve endings. Axon collaterals of these afferent fibers also supply blood vessels with efferent antidromic control. Small sensory fibers branch off from thicker dermal nerve bundles to create thinner subepidermal nerve bundles that innervate the epidermis.](fneur-10-00970-g0001){#F1}

Currently, only few normative datasets of dermal nerve fiber densities (DNFD) associated with cutaneous organs controlled by autonomic nerve fibers are available compared to intraepidermal nerve fiber densities (IENFD) for unmyelinated nerve fibers. Available datasets were created by means of punch skin biopsies from the distal calf above the lateral malleus, distal and proximal thigh. They show an intraepidermal nerve fiber density that reduces with age as well as course of neuropathy and which differs among sexes. In addition, the values of examined IENFD vary due to the dependency on different staining and microscopy techniques, creating an inhomogeneity between publications. According to a worldwide normative reference study the median normative IENFD (ages combined) ranged in males from 7.2 to 10.9 $\frac{F}{mm}$ and in females from 6.7 to 13.5 $\frac{F}{mm}$ (F = Fibers) ([@B35], [@B43], [@B44]). A study of Nolano and Colleagues quantified pilomotor nerves to compare the fiber density those of diabetic patients ([@B38]). In the group of healthy control subjects, mean(SD) pilomotor nerve fiber density in the leg and thigh visualized by immunhistochemistry using antibodies against substances like vasoactive intestinal peptide (VIP) and dopamine-β-hydroxylase (DβH) ranged from 52.3 to 63.7 (12.4--18.2) $\frac{F}{mm}$ ([@B38]). In another study, sudomotor nerve fibers have been assessed using the manual quantitation method. A grid of circles was placed over the sweat gland image of interest. Sweat gland nerve fibers crossing the circles within the grid were counted in a three-dimensional stepping pattern and set in relation with the total number of circles within the area of the grid in. This enabled a percent area counting method. The sweat gland nerve fiber density (SGNFD) was therefore expressed in percent intercept density. In control subjects, the mean(SD) SGNFD at the distal leg was 40.8 ± 12.8%, at the distal thigh 46.6 ± 13.2%, and at the proximal thigh 51.3 ± 11.8% ([@B39]). To date, there is no large normative dataset for autonomic nerve fiber densities around the cutaneous effector organs. There is a need for closing this knowledge gap in order to use the skin biopsy technique for the diagnosis of autonomic neuropathies in individual patients.

Sudomotor, Vasomotor, And Pilomotor Nerve Fibers As Potential Diagnostic Targets {#s5}
================================================================================

Small fiber neuropathy can impair the functioning of the thermoregulation, which is a crucial regulatory and physiological process in human organism. Thermoreceptors such as Aδ and C-fibers provide sensory information from the human skin, which is processed in the hypothalamus, the regulatory center responsible for monitoring the body temperature. The hypothalamus combines thermal information of the skin, internal organs, preoptic anterior hypothalamus, and non-thermal information related to thermoregulation ([@B8], [@B45], [@B46]). Via the sympathetic pathway, the eccrine sweat production and vasodilation in the skin can be stimulated to reduce the body temperature. Similar effects can be evoked peripherally through the sudomotor, vasomotor and pilomotor axon reflex. The axon reflex has been firstly described in 1900 by Langley. However, recent studies show a wide range of heterogeneity of axon reflexes regarding the type of applied agonists as well as the type of stimulated fibers. The sudomotor axon reflex can be evoked by a local iontophoresis of cholinergic agonists such as acetylcholine. These agents bind on muscarinic receptors of the sweat gland to stimulate a direct sweat production locally and bind on nicotinic cholinergic receptors on postganglionic sympathetic C-fiber terminals to activate an antidromic impulse along the postganglionic sympathetic C-fiber. At the branching points of this fiber, it changes to an orthodromic impulse stimulating neighboring eccrine sweat glands through an indirect axon reflex mediated cholinergic agent release ([@B8], [@B22], [@B23], [@B45], [@B47]). The clinically applied quantitative sudomotor axon reflex test is a tool used to detect autonomic neuropathy ([Figure 2](#F2){ref-type="fig"}).

![Illustration of skin organs innervated by the autonomic nervous system with an axon reflex mediated in sudomotor nerve fibers by iontophoretic application of acetylcholine to the skin. Following a direct sweat response in the area of acetylcholine application, an action potential travels antidromically and then orthodromically to a neighboring population of sweat glands where it evokes "indirect" sweating in a skin region adjacent to the region of iontophoresis. Similar responses can be induced in pilomotor and vasomotor fibers. Their magnitude is a surrogate measure of functional integrity of the autonomic nerve fiber mediating the axon reflex.](fneur-10-00970-g0002){#F2}

Recent studies have also shown, that non-sympathetic afferent C and Aδ fibers can elicit an axon reflex. To elicit the vasomotor axon reflex iontophoresis of cholinergic agents is used to cause a direct vasodilatory response and a depolarization of non-sympathetic sensory nociceptive Aδ and C-fibers and sympathetic C-fibers. In contrast to the sudomotor axon reflex, the nerve impulse travels orthodromically to a branching point. From this branching point the potential is conducted antidromically toward a terminal bouton at a blood vessel. There, the release of vasoactive neuropeptides causes an indirect axon reflex mediated vasodilatory response. On the other hand, vasoconstriction can be induced by a local application of adrenergic agents ([@B6], [@B20], [@B48]--[@B50]).

Malfunctions of the vasomotor axon reflexes in the skin due to an autonomic neuropathy can be detected by tests such as laser Doppler flowmetry, laser Doppler imaging. In research studies laser doppler flowmetry has been shown reliable in the detection of differences in vasomotor function between patients with autonomic neuropathy and controls. However, due to high intersubject variability, use of the technique is limited in the clinical diagnostic setting. More advanced techniques such as laser Doppler imaging have displayed lower variability in some smaller studies ([@B48]). However the technique\'s validity has not yet been tested in large populations of patients with autonomic neuropathy. Therefore, both techniques remain on an experimental level at this stage and are mainly limited to specialized centers.

In the pilomotor axon reflex, the direct arrector pili muscle erection (also referred to as pilomotor erection, goose bump) and orthodromic sympathetic C-fiber nerve impulse can be generated by iontophoresis of the adrenergic agent phenylephrine. At branching points the impulse travels antidromically to induce an indirect axon reflex mediated activation of neighboring pilomotor muscles. Since LTMR sensory C-fibers are known to be related to Zigzag and Auchene hair follicles, there may be a pilomotor axon reflex pathway via sensory C-fibers. In research, quantitative pilomotor axon reflex (QPART) testing has been introduced as a diagnostic method in the detection of peripheral small fiber neuropathy but these experimental observations have not yet been translated into clinical practice ([@B7], [@B24], [@B51]). Therefore, standard testing for small fiber neuropathy in the skin currently relies on the punch skin biopsy. This structural measure can be complemented by functional tests of sensory function (quantitative sensory testing) and sudomotor function (QSART), the latter being however limited by high technical demands and low sensitivity for general small fiber loss. A discussion on these cutaneous autonomic tests is given in sections Structural Measures of Cutaneous Autonomic Neuropathy and Disorders of the Cutaneous Autonomic Nervous System and Their Assessment.

The way how axon reflexes result in effector response upon conduction of the action potential to terminal nerve endings has not been fully elucidated. However, several neuropeptides have been identified which apparently contribute to inducing these responses upon neurogenic stimulation. Neuropeptides involved in inducing axon reflex mediated responses are shown in [Table 2](#T2){ref-type="table"}.

###### 

Neuropeptides & their function in the skin.

  **Neuropeptide**       **Releaser**                       **Receptor**                                              **Organ**                                                                                     **Function**
  ---------------------- ---------------------------------- --------------------------------------------------------- --------------------------------------------------------------------------------------------- ------------------------------------------------------------
  CGRP                   Mainly sensory C-fibers            CGRP-receptor                                             Blood vessels, eccrine sweat glands, hair follicles, meissner corpuscle, free nerve endings   Vasodilation
  SP                     Mainly sensory c-fibers            TACR1-receptor                                            Blood vessels                                                                                 Vasodilation, pain, inflammation
  VIP                    Sympathetic & sensory c-fibers     VIPR 1/2                                                  Blood vessels, eccrine sweat glands, hair follicles                                           Vasodilation, eccrine sweat gland stimulation
  DβH                    sympathetic C- fibers                                                                        Blood vessels, m. arrector pili                                                               Enzyme for dopamine oxidation to noradrenalin
  Tyrosine hydroxylase   Sweat gland neuroendocrine cells                                                             Sweat gland neuroendocrine cells                                                              Enzyme transforming L-tyrosine to L-DOPA
  Neuropeptide Y         Sympathetic C- fibers              GPCRs Y1/2/4/6                                            Blood vessels                                                                                 Vasoconstriction
  Catecholamines         Sympathetic C- fibers              Adrenergic-α-1- receptor                                  Blood vessels, m. arrector pili                                                               Vasoconstriction, m. arrector pili erection
  Acetylcholine          Sympathetic C- fibers              Nicotinic acetylcholine receptors, muscarinic receptors   Blood vessels, sensory & sympathetic C- fibers, eccrine sweat glands                          Vasodilation, axon-reflex, eccrine sweat gland stimulation
  Capsaicin              None                               TRPV1                                                     Sensory C & A-δ fibers                                                                        Vasodilation
  Menthol                None                               TRPM8                                                     Sensory C & A-δ fibers                                                                        Vasoconstriction

*Table of neuropeptides relevant to function and structure of small nerve fibers, highlighting their effects on the effector organs. CGRP, Calcitonin Gene Related Peptide; SP, Substance P; VIP, Vasoactive Intestinal Peptide; DβH, Dopamine beta Hydroxylase; TACR1, Tachykinin Receptor 1; VIPR $\frac{1}{2}$, Vasoactive Intestinal Peptide Receptor 1/2; GPCR, G Protein Coupled Receptors Y1/2/4/6; TRPV1, Transient Receptor Potential Subfamily V Member 1; TRPM8, Transient Receptor Potential Cation Channel Subfamily M Member 8) ([@B10], [@B13], [@B41], [@B52]--[@B58])*.

Structural Measures of Cutaneous Autonomic Neuropathy {#s6}
=====================================================

The development and research on punch skin biopsies provided a tool to gain insight into the structure of small nerve fibers. Unlike the nerve biopsy the punch biopsy obtains a (usually 3 × 3 mm) specimen with low risk of adverse effects ([Figure 3](#F3){ref-type="fig"}). A subcutaneous lidocaine injection is performed prior to the procedure to numb the skin area. The area undergoing the biopsy usually does not require any stiches or steri stripes to heal. The biopsy can be done by any clinician trained in the technique, but the processing of the biopsy requires special expertise of the pathology lab. Due to the axon length dependency of peripheral neuropathy, symptoms first make a symmetrical ascent from the terminals of the longest nerves, which are in the leg. Reason is the high metabolic rate in long axons which makes them vulnerable for metabolic disorders like diabetes ([@B59]--[@B61]). Therefore, standard biopsy sites are the distal calf, distal thigh, proximal thigh or generally the site affected by symptoms. After the processing of the sample, different immunohistochemical staining methods can be applied to visualize the material of interest ([@B4], [@B35], [@B43]). To generally visualize all nerve fibers in the sample, the pan-axonal marker, protein gene peptide 9,5 antibody is applied ([@B52]). This is the most common technique used to assess the intraepidermal/dermal nerve fiber density. To further distinguish sensory nerve fibers from autonomic nerve fibers and cholinergic autonomic from adrenergic autonomic nerve fibers additional immunostaining methods have been developed for different antigens or substances located in the specific nerve fibers.

![Illustration of a punch skin biopsy on eccrine sweat glands to quantify the cholinergic sudomotor nerve fibers. The specimen is fixed, sectioned, and stained with antibodies for PGP 9,5 (the pan axonal marker), tyrosine hydroxylase (a sweat gland neuroendocrine cell marker), and VIP (a marker for sympathetic nerve fibers) to highlight the sought-after tissue. Further various quantitation methods are applied to assess the sweat gland nerve fiber density. Based on this technique pilomotor and vasomotor autonomic nerve fibers can be quantified by using suitable staining methods. A comparison of the determined nerve fiber density to those of normative datasets gives information about the functionality and condition of the autonomic nervous system innervating skin organs.](fneur-10-00970-g0003){#F3}

To quantify the adrenergic innervation around the arrector pili muscle DβH staining is applied. On the other hand, the VIP marker can be used to assess cholinergic innervation around the sweat gland. Other antibodies including substance P, CGRP or neuropeptide Y are also used in order to highlight different autonomic nerve fibers and their distributions as summarized in detail in [Table 2](#T2){ref-type="table"} ([@B4], [@B10], [@B42], [@B62]).

Microneurography studies have been shown to capture efferent sympathetic nerve activity. Tungsten needle electrodes are inserted into a nerve to capture the activity of multi or single nerve fibers. The procedure is minimally invasive and therefore doesn\'t require any anesthetics so the patient can be awake and interact with the physician. To take the tip of the electrode to contact the particular nerve fiber the electrode has to pass through the layers of a nerve. Since the nerve consists of multiple nerve fascicles with mixed nerve fibers each wrapped by a connective tissue layer (epi-, peri-, endo-neurium) the searching process can be time consuming and requires highly skilled physicians which limits the procedure\'s use as standard diagnostical method in clinical routine.

Axon-reflex tests such as QSART, QPART, LDF, and LDI have been designed to indirectly evaluate functional integrity of autonomic small fibers. In contrast to these, the punch skin biopsy immediately visualizes the affected nerves on a structural level. By counting the IENFD/DNFD and scanning the fibers\' morphology i.e., for axonal swellings, both qualitative and quantitative assessment of the integrity of these fibers can be undertaken ([@B35], [@B43]). Limitations of the punch skin biopsy technique include a lack of sufficient normative datasets regarding the autonomic nerve fiber densities. To date, there is no comprehensive and externally valid normative dataset for autonomic nerve fiber densities around the cutaneous effector organs. It seems necessary to close this knowledge gap in order to be able to use the punch skin biopsy purposefully for the diagnosis of neuropathies of the autonomic cutaneous nervous system. Physicians are also limited to IENFD data from the distal calf, thigh and proximal thigh, making it difficult to make diagnosis of other areas with physically visible symptoms and especially of dermal located effector organs affected by an autonomic neuropathy. In a comparison study of three methods for the quantification of SGNFD an automated counting method for SGNFD showed a high degree of inter- and intra-reviewer reliability, the technique correlated well with intra-epidermal nerve fiber density, clinical neuropathy exam scores and an unbiased confocal microscopy stereologic analysis of sweat gland nerve fiber density. Furthermore, it proved to be less labor intensive and easily reproducible requiring only 1 min per image for analysis compared to 15 min per sweat gland with the manual counting method ([@B40]). Nevertheless, there exists a wide heterogeneity of nerve fiber densities between gender, age and ethnicity. Further limitations may include the accessibility to laboratories performing the processing of the obtained samples.

Disorders of the Cutaneous Autonomic Nervous System and Their Assessment {#s7}
========================================================================

Patients with Parkinson\'s disease suffer from various symptoms beside the motor function restriction. Those affecting the cutaneous autonomic nervous system include a dysfunction in thermoregulation due to an impairment of the vasomotor and sudomotor activity in two thirds of the patients. The coarse reason for this interference are the accompanying pathological consequences of the peripheral small fiber neuropathy ([@B2], [@B4]). Although the pathophysiology is not yet understood sufficiently, recent studies provide evidence that accumulation of molecularly misfolded alpha-synuclein may be a major factor in the development of Parkinson\'s disease ([@B24], [@B51], [@B63]--[@B66]). A study using immunohistochemical imaging of punch skin biopsies from Parkinson\'s patients showed that alpha-synuclein was increased and protein gene product 9,5 (PGP 9,5) was reduced in autonomic adrenergic and cholinergic C-fibers, indicating an overall loss of nerve fibers and deposition of alpha-synuclein in the remaining fibers. Whereas alpha-synuclein was not found in intraepidermal nociceptive nerve fibers according ([@B64]). This could be one of the reasons why vasomotor axon reflex testing via the LDF may not be an adequate diagnostical method for patients with Parkinson disease, since it relies on the vasomotor axon reflex of nociceptive Aδ and C-fibers ([@B5], [@B24], [@B48], [@B51]). Conversely, in another investigation alpha- synuclein has been found in somatosensory subepidermal nerve fibers, which include nociceptive A-δ and C- fibers in patients with Parkinson\'s disease ([@B65]). Nevertheless, the ratio between alpha-synuclein and PGP 9,5 generated from punch skin biopsies seems to be a reliable disease marker of Parkinson\'s Disease. Pilomotor function has been found impaired in patients with Parkinson\'s disease by evaluating the pilomotor mediated axon reflex using the Quantitative Pilomotor Axon Reflex Test ([@B51]). These findings were in line with biopsy based analyses showing strong impairment of structural integrity of pilomotor nerve fibers even in early stages of the disease ([@B64]).

Other diseases affecting the cutaneous autonomic nervous system include pre-diabetes and diabetes, traumas and reconstructions of peripheral nerves. In fact, diabetic neuropathy is the most frequent for autonomic neuropathies. The Consensus Panel on Diabetic Neuropathy reported a prevalence of diabetes related cardiovascular autonomic neuropathy of 20% up to 60% with increasing age and diabetes duration in patients suffering from type 1 and 2 diabetes ([@B67], [@B68]). Diabetic Autonomic Neuropathy (DAN) must be taken serious due to the high mortality rate of 16--50% within 5 years in diabetes related cardiovascular autonomic neuropathy patients ([@B68], [@B69]). The pathophysiology of DAN has not yet been fully understood. Hyperglycemia results in various metabolic, immune, neurotrophic, and vascular changes. These abnormal conditions cause either direct degeneration of neurons, axons and Schwann cells or indirect degeneration due to a progressive damage to the vasa nervorum. Symptoms of DAN can occur in single or multiple organ systems including the cardiovascular, gastrointestinal, genitourinary, respiratory, neuroendocrine, pupillomotor, and neurovascular system. Impairment in the neurovascular system affects the autonomic cutaneous nervous system, resulting in sweating abnormalities (anhidrosis, hyperhidrosis, gustatory sweating), unusual pilomotor and vasomotor control. This pathology leads to a dysfunction of the body\'s thermoregulation ([@B38], [@B68], [@B70]). Cardiovascular tests, which include an ECG, blood pressure and heart rate are considered the gold standard diagnostical methods for evaluating DAN because of their non-invasiveness, sensitivity, and reproducibility. Tests of the autonomic cutaneous nervous system in DAN have been applied less by default ([@B68], [@B70], [@B71]). Nevertheless, techniques such as QSART, QPART, LDF and LDI as well as the punch skin biopsy technique may serve as additional diagnostical methods to assess a DAN via the autonomic cutaneous nervous system. Taking into account the wide range of affected systems, it seems reasonable to contemplate cutaneous autonomic tests alongside the unilateral cardiovascular tests ([@B38], [@B72]). A cross-sectional study published in 2016 with 103 obese participants and 53 lean controls reported a prevalence of 11.1% for polyneuropathy including small fiber neuropathy in the obese participants with normoglycemia compared to 25.5% in obese participants with type 2 diabetes and 3.8% in lean controls. This finding underscores the widespread importance in acquiring new knowledge about the cutaneous nervous system ([@B73]).

Furthermore, small autonomic nerve fibers are selectively targeted by various systemic diseases neuropathies related to amyloid, autoimmune autonomic neuropathies comprising those caused by a paraneoplastic syndrome, hereditary autonomic neuropathies, autonomic neuropathies resulting from infectious diseases as well as toxic autonomic neuropathies ([@B3]).

Conclusion {#s8}
==========

The autonomic cutaneous nervous system has shown to be an increasing focus of interest, particularly in the last decade. This can be explained by the functional relevance of the autonomic skin nerves playing a major role in physiological functions such as thermoregulation as well as by the observation that these fibers seem to be selectively targeted in early stages of neurodegenerative diseases such as Parkinson\'s disease. Techniques to assess both functional and structural integrity of skin nerve fibers have been developed and technically improved, overcoming initial issues of technical demands and intersubject variability. The punch skin biopsy technique is still limited by the lack normative datasets. This, however, does not surpass the advantages of this newly developed technique, allowing for qualitative and quantitative assessment of structural integrity of skin nerves and, thereby, complementing functional small fiber tests such as axon reflex tests. With improvement in assessing the neural skin architecture in humans on a structural and functional level, our anatomical and physiological understanding of this important system evolves, introducing the opportunity to identify novel diagnostic and therapeutic targets of small fiber neuropathy.
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